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Despite the improvements in neoadjuvant chemotherapy, the outcome of patients with advanced bladder cancer has
changed very little over the past 30 years. In the present study we tested and compared the in vitro antitumor activities
of four different inhibitors of Polo-like kinase 1 (PLK1) (Bl 2536, Bl 6727, GW843682X, and GSK461364), against 3 bladder
carcinoma cell lines RT4, 5637 and T24. The impact on radiosensitivity and drug interactions in simultaneous treatments
with cisplatin, methotrexate, and doxorubicin were also investigated. Our results showed that PLK1 inhibition prevented
cell proliferation and clonogenicity, causing significant inhibition of invasion of tumor cells, though modest differences
were observed between drugs. Moreover, all PLK1 inhibitors induced G,/M arrest, with the subsequent induction of
death in all 3 cell lines. Drug interactions studies showed auspicious results for all PLK1 inhibitors when combined with
the commonly used cisplatin and methotrexate, though combinations with doxorubicin showed mostly antagonistic
effects. Comparably, the four PLK1 inhibitors efficiently sensitized cells to ionizing radiation. Our findings demonstrate
that irrespective of the inhibitor used, the pharmacological inhibition of PLK1 constrains bladder cancer growth and
dissemination, providing new opportunities for future therapeutic intervention. However, further laboratorial and pre-
clinical tests are still needed to corroborate the usefulness of using them in combination with other commonly used

chemotherapeutic drugs.

Introduction

Bladder carcinoma is a common cancer whose incidence continues
to increase worldwide.! In up to 70% of patients, its diagnosis is
performed at early stages and treated with transurethral resection.?
For advanced cases, treatment is essentially palliative with chemo-
therapy based on methotrexate, vinblastine, doxorubicin, and cis-
platin (MVAC) or radiotherapy.? However, over the past 30 years,
the use of this combined chemotherapy has not improved survival.
Of those patients who do not succumb to the disease, a substantial
proportion will experience metastatic recurrence and die within
16 mo.? Therefore, novel therapeutic approaches to treat or even
prevent bladder tumors propagation have been eagerly desired.
Recently, the Polo-like kinase 1 (PLK1) has shown to be
highly expressed in urothelial cancer cells and correlated with
higher pathological grade, pT stage, recurrence, and metastasis.*
PLKI is a key cell cycle regulator promoting entry into mitosis,
spindle formation, sister chromatid segregation, and cytokinesis.®
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Compelling evidence has shown a close association between high
PLK1 expression and poor prognosis in various human malig-
nant neoplasms. Remarkably, Fristrup and colleagues recently
identified PLK1 as an independent prognostic marker in non-
muscle invasive bladder cancer, corroborating its importance in
tumor progression and its potential for therapeutic intervention.”

PLK1 inhibition by BI 2536, the most intensively studied
inhibitor has shown to decrease proliferation and induce mitotic
arrest in several tumors.® However, its progress into clinical
studies in patients with locally advanced or metastatic cancers
has shown controversial results. Currently, there is no informa-
tion available about the use of pharmacological PLK1 inhibitors
against bladder cancer. Thus, the goal of this study was to study
the antiproliferative effects of BI 2536 and to perform a com-
parison of its action with other three potent PLK1 inhibitors (BI
6727, GW843682X, and GSK461364) on three bladder cancer
cell lines (RT4, 5637, and T24), providing strong support for

future treatment of this tumor.
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Figure 1. Characterization of the effects of PLK1 inhibition on cell growth in RT4, 5637 and T24 bladder carcinoma cells as detected by the XTT assay
after 24, 48, and 72 h of treatment. The number 1 corresponds to control and the numbers 2, 3, and 4 on the x-axis indicate increasing concentrations
of each PLK1 inhibitor, being 10, 20, and 50 nM for Bl 2536; 50, 100, and 150 nM for Bl 6727; 300, 600, and 1200 nM for GW843682X and 75, 150, and 300
nM for GSK461364, respectively. Statistically different (P < 0.05) results were obtained for all tests at all times tested except for treatment of 5637 cells
with Bl 2536 for 24 h and GW843682X 300 nM for 48 h and treatment of T24 cells with Bl 2536 10 nM after 72 h. Asterisks were not included in order to

Results

PLK1 inhibition decreases cell proliferation in vitro. All PLK1
inhibitors tested effectively reduced the growth of the three blad-
der carcinoma cell lines (RT4, 5637 and T24) when compared
with control (DMSO 0.1%) at all times tested (P < 0.05) (Fig. 1).
However, IC, values after 48 h of treatment varied considerably
between inhibitors (Table 1). Dose and time dependency were
observed for BI 2536, BI 6727, and GW843682X reaching a
maximum of about 70% for RT4, 60% for 5637, and 50% for
T24. In the case of GSK461364 growth inhibition of about 60%
was achieved for all cell lines at 75 nM and maintained with
increasing concentrations along time.

PLK1 inhibition abrogates the clonogenic capacity of blad-
der carcinoma cell lines. PLK1 inhibition by BI 6727 and

www.landesbioscience.com

GSK461364 strongly abolished the colony formation capacity for
RT4 and T24 cell lines when compared with control (2 < 0.05)
at all concentrations tested (Fig. 2A). The clonogenic capacity of
5637 cell line was also reduced in almost 80% with these drugs.
BI 2536 and GW843682X, on the other hand, showed variable
results between cell lines. Both drugs induced a dose-dependent
inhibition for RT4 and T24 though results for 5637 varied
greatly, while low concentrations of GW843682X increased the
capacity of cells to form colonies, BI 2536 revealed a constant
effect at all concentrations reducing colony formation in 90%
(Fig. 2A).

PLK1 inhibitors induce cell cycle arrest of bladder carci-
noma cell lines. Treatment of the cells with all inhibitors induced
a prominent change in the cell cycle distribution within 24 h.
During this period, treated cells significantly accumulated in
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Figure 2. (A) PLK1 inhibition for 48 h abrogated the clonogenic capacity of RT4, 5637 and T24 bladder carcinoma cell lines. Note that in the case of
5637 cells, colony formation was significantly increased after treatment with low concentrations of GW843682X but drastically decresed to 90% after
treatment with 1200 nM of this drug; (B) PLK1 inhibition induced cell cycle arrest with accumulation of G,/M populations for all drugs tested. Ratios of
the proportion of G,/M subpopulation in cells treated with PLK1 inhibitors to that of vehicle-treated cells are shown as mean + SD of 3 independent

experiments.

the G,/M phase (up to 80% irrespective of the inhibitor tested)
(Fig. 2B). The percentage of the cells in G, and S phases decreased
in the same proportion as a result of treatment while untreated
cells (control) were more evenly distributed throughout the cell
cycle (data not shown).

PLK1 inhibition increases cell death in bladder carcinoma
cells. Compared with control, all PLK1 inhibitors induced a sig-
nificant increase in the percentage of apoptotic cells (detected
by caspase-3 activity) at all concentrations tested after 48 h (P <
0.05) for 5637 and T24 cells. For RT4 cells the effects of the
drugs were drug was more moderate with no effects after treat-
ment with BI 2536 and a maximum of about 20% after treatment
with GSK461364 or GW843682X and 30% for after treatment
with BI 6727. Additionally, the microscopical analysis of treated
cells by differential staining with propidium iodide also demon-
strated higher frequency of necrotic-like cells after treatment of
5637 and T24 cells with all PLK1 inhibitors tested. Alternatively,
neither of these drugs was able to induce significant necrosis in
the low grade cell line RT4 (Fig. 3).

PLK1 significantly restrained cell invasion. Invasion assay
using transwell chambers coated with Matrigel showed signifi-
cant reductions of invasion compared with controls, in RT4
cells for all drugs at all concentrations tested, though the effect
was not dose-dependent. For 5637, treatments were ineffective
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(GW843682X) or showed mild effects reaching a maximum
reduction of 20% after treatment with the highest concentration
of GSK461364. T24 cells on the other hand, did not suffer any
invasion reduction after treatment with BI 2536 but suffered a
dose-dependent reduction of the invasive capacity (maximum of
about 60%) for the other three drugs tested (Fig. 2B).
Combinatorial studies show different responses for each
PLK1 inhibitor. For combinatorial studies, three test concentra-
tions of each commonly used drug were chosen (corresponding
with dilutions of the IC, ) for association with IC, | concentrations

Table 1. Doses required to induce 50% inhibition of cell growth (IC, ) in
bladder carcinoma cell lines

Cell line

Compounds RT4 5637 T24
Bl 2536 nM 27.21 45.47 79.12

Bl 6727 nM 111.27 1165.14 204.91
GW843682X nM 1122.99 17.33 1430.4

GSK461364 nM 311.12 104.29 69.11
CDDP pg/ml 588.31 278.186 3.2996
DXR pM 6.92 3.1427 178.86
MTX nM 423.91 8.2332 47.318
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Figure 3. After 48 h of treatment PLK1 inhibition increased apoptosis rates in bladder carcinoma cell lines as detected by caspase-3 activation (Nu-
cView 488). Differential staining with propidium iodide also demonstrated a significant increase of necrotic-like cells in a dose dependent manner.

for each PLK1 inhibitor and and analyzed by the CalcuSyn soft-
ware. As shown in Table 2, CI values for the simultaneous com-
binations of drugs showed dissimilar responses for each PLK1
inhibitor. BI 3526 showed synergistic effects when combined
with CDDP irrespective of the cell line treated (CI > 1) when
combined with MTX for RT4 and T24 cells and for combina-
tions with DXR for 5637 (at the highest dose) and T24 cells. BI
6727 and GW843682X, efficiently sensitized the three cell lines
to CDDP and MTX, though was highly antagonic when com-
bined with DXR. GSK461364 on the other hand, synergistically

www.landesbioscience.com

increased the cytotoxicity of CDDP and MTX in RT4 and T24
cells but was highly antagonist (CI >>>> 1) for 5637 cells for all
combinations tested (Fig. 4).

PLK1 inhibition sensitizes cells to ionizing radiation. To
study the cytotoxic effects of the different PLK1 inhibitors in
association with +y-radiation, RT4, 5637, and T24 cells were
incubated with BI 2536 10 nM, BI 6727 50 nM, GW843682X
300 nM, or GSK461364 75 nM for 24 h to induce G, arrest.
After the treatment, the cell culture medium was replaced and
cells irradiated with a final dose of 2 Gy. The results showed
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Table 2. Median dose effect analysis was also employed to characterize the interactions between each PLK1 inhibitor with CDDP, MTX, or DXR

BI 2536 IC,
with:

IC,,

CDDP IC,,

ICWOO

IC,,

MTX  IC,,

ICWOO

IC,,

DXR IC,,

ICWOO

BI67271C,,
with:

IC,,

CDDP IC,,

ICWOO

IC,,

MTX  IC,,

ICWOO

IC,,

DXR IC,,

ICWOO

GW843682X
IC,, with:

IC,,

CDDP IC,,

ICWOO

IC,,

MTX  IC,,

ICWOO

IC,,

DXR IC,,

ICWOO

GSK461364
IC,, with:

IC,,

CDDP IC,,

ICWOO

IC,,

MTX  IC,,

ICWOO

IC,,

DXR IC,,
IC

100

Cl

37.234
0.581
0.751
0.028
0.04
0.013
7.28E+08
5.46E+03
80.123
cl

0.009
0.031
0.078
0.021
0.043
0.086
27200
3756.658
725.395
Cl

0.002
0.004
0.008
0.036
0.065
0.144

240000

1137167

437.603

Cl

641.576
1859.911
88.092
0.005
0.003
0.001
24100
2173.05
1451.726

RT4
DRI Bl 2536

0.027
1.731
1.342
38.216
26.578
81.051
0.01
0.529
1.665
DRI BI 6727

137.436
35115
13.726
91.486
44,754
20.965
1896.31
321.92
62.587

DRI GW843682X

1661.652
932.604
437.43
1490.049
753.481
371.906
1065.557
719.318
390.33
DRI GSK461364

0.002
0.001
0.011
326.186
684.329
14500
0.001
0.017
0.026

DRI (drugs)

164.549
288.722
161.693
5.75E+02
413.107
1500.827
1.37E-09
0.00E+00
0.013
DRI (drugs)

637.497
374.246
198.468
95.015
48.573
25.948
0.0000367
0
0.001
DRI (drugs)

654.693
409.87
180.972
28.61
15.703
7.057
4.16E-06
0.001
0.002
DRI (drugs)

349.178
168.59
119.929

654.847
580.97

1299.975

0.0000428
0
0.001

Cl

1.158
0.541
0.462
35.096
17.155
4.436

745.024

8.882
0.476

cl

0.006
0.01
0.019
0.17
0.295
0.488
1.355
2.641
4.051
Cl

0.004
0.007
0.012
0.112
0.18
0.235
0.657
1.136
0.828
Cl

212000000
38.977
3.18
6.492
3.404
1.678
601.183
21.56
1.367

5637
DRI Bl 2536

0.865
1.86
2.198
0.029
0.059
0.245
0.001
0.121
11.581
DRI BI 6727

244.339
196.464
103.343
5.956
3.446
2.097
1146.778
561.639
227.283

DRI
GW843682X

857.215
565.868
325.163
8.952
5.588
4.277
843.018
467.775
483.342

DRI
GSK461364

4.71E-09
0.026
0.315
4.361
3.083
2.289
0.002
0.049
2.088

DRI (drugs)

494.454
272.935
144.661
5
3.474
2.832
1.04
1.623
2.568
DRI (drugs)

523.21
217.506
106.63
448.839
201.046
86.687
0.738
0.379
0.247
DRI (drugs)

361.655
203.814
108.2
1539.824
895.297
597.931
1.525
0.882
1.211
DRI (drugs)

107.636

173.673

109.458

0.16

0.325
0.805
0.615
0.798
1.126

Cl

0.136
0.34
0.744
0.017
0.029
0.051
0.11
0.199
0.174
cl

0.232
0.552
0.795
0.009
0.018
0.031

1.27E+13

36100000
824000
Cl

0.268
0.589
1.289
0.002
0.004
0.007

508000

553000

2220000
Cl

0.397
0.801
1.632
0.002
0.003
0.006
7.66E+09
2.01E+09
180000000

T24
DRI Bl 2536

589.895
222.342
99.246
332733
146.153
64.208
296.539
146.043
64.419
DRI BI 6727

373.551
268.669
66.812
546.41
284.453
164.645
0.223
2448
3.417

DRI
GW843682X

3073.505
1636.739
868.546
4487.785
2415.383
1204.953
894.564
467.868
222173

DRI
GSK461364

438.796
224317
117.261
1426.174
834.75
421.099
0.188
0.16
0.18

DRI
(drugs)

7458
2.982
1.363
69.817
44403
28.232
9.358
5.207
6.32
DRI (drugs)

4.358
1.825
1.282
131.505
68.858
40.704
79E-14
2.77E-08
1.21E-06

DRI
(drugs)

3.737
1.699
0.776
468
303.883
150.722
1.97E-06
1.81E-06
4.5E-07

DRI
(drugs)

2.536
1.256
0.616
995.432
583.392
294.32
1.31E-10
4.97E-10
5.57E-09

Combination index (Cl) values < 1 correspond to a synergistic interaction (bold). Cl > 1 denotes antagonistic effects (highly antagonistic effects are in
bold). Dose reduction index (DRI) reflects the fold reduction in the required concentration of tested agents when used in combination to achieve the
comparable affected fraction (Af).
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Figure 4. (A) Invasion assay using transwell chambers coated with
Matrigel” showed significant reductions of invasion compared with
controls, in RT4 cells for all drugs at all concentrations tested. For 5637,
treatments were ineffective (GW843682X) or showed mild effects. T24
cells on the other hand, did not suffer any invasion reduction after
treatment with Bl 2536 though dose-dependency was observed for the
other three drugs tested (Fig. 2B). (B) Both cell lines presented a signifi-
cant decrease in invasion rate after treatment with higher concentra-

tions Bl 2536; *Statistically different P < 0.05.

that pre-treatment with any of the PLK1 inhibitors tested led to
radiosensitization in all three human bladder carcinoma cell lines

(DER > 1) (Table 3 and Fig. 5).
Discussion

Since the 1980s, treatment of advanced and metastatic bladder
cancer has been cisplatin-based. However, despite changes in
surgical techniques and the development of new drugs and com-
binations, the outcomes have not improved to any great extent.?

PLK1 is a serine/threonine kinase known to be one of the
key players in the regulation of mitosis progression.” PLK1 is

www.landesbioscience.com

Table 3. Radiosensitization induced by PLK1 inhibitors in RT4, 5637, and
T24 bladder carcinoma cell lines

2 Gy vy-irradiation +

Celline B12536 onw  B16727 GWea3Ge2X _ GsK as1scs
RT4 67.22 60.50 16.81 55.00
5637 @ 5.29 1.50 8.48
T24 72.38 3.82 1.70 4.77

Cells were pre-treated with Bl 2536 (10 nM), Bl 6727 (50 nM), GW843682X
(300 nM) or GSK461364 (75 nM) for 24 h and irradiated with 2 Gy. After

7 d, survival fraction was calculated. Dose enhancement rate (DER) >

1 denotes a supra-additive effect. &, no colonies were observed after
combined treatment.

almost exclusively expressed in proliferating cells and its overex-
pression in human malignant neoplasms is associated with poor
prognosis.' Particularly, it has been demonstrated that PLK1
expression correlates with the progression of bladder cancer (not
detected in normal and dysplastic bladder mucosa) and signifi-
cantly shorter survival.*!

The potential of directing against PLK1 in cancer therapy has
been repeatedly demonstrated in different in vitro and in vivo
models resulting in growth inhibition and apoptosis induction.®
Targeting PLK1 in bladder cancer with intravesical siRNA effec-
tively prevents growth of cancer cells and decreases tumor vol-
umes.'"'? In the present study, we tested the effects of BI 2536, a
synthetic PLK1 inhibitor on three bladder carcinoma cell lines,
RT4, 5637, and T24 and compared its antiproliferative activi-
ties with other less studied ATP-competitive small-molecules:
BI 6727, GW843682X, and GSK461364.

Our results showed that treatment with the four inhibitors
significantly decreased cell proliferation, though IC values var-
ied greatly between them. For instance, while low nanomolar
(<100) concentrations of BI 2536 were effective, significantly
higher concentrations (>1000 nM) of GW843682X were needed
to achieve comparable results. Also, we show that PLK1 inhibi-
tion impairs clonogenicity an equally essential requisite for test-
ing potential therapeutic targets. Abrogation of the capacity of
forming colonies by BI 2536 has previously been reported for
myeloid leukemia' and in two osteosarcoma cell lines."*"> Also
GW843682X has shown to inhibit clonogenicity in melanoma
cells' and to effectively inhibit clonogenic growth of freshly iso-
lated leukemia cells from patients”; however, in our experimental
setting low concentrations of this drug were unable to reduce clo-
nogenicity. Also, treatment with the PLK1 inhibitors provoked a
clear disturbance of cell cycle phase distribution, with an accu-
mulation of cells in G,/M after 24 h. This increase in doubled-
DNA cells was previously reported after PLK1 inhibition by BI
2536 in osteosarcoma cell lines'* and by scytonemin in T24 cells.”
Moreover, GW843682X also induced accumulation of human
leukemia cells in the G,/M phase of the cell cycle.”

Earlier cytological studies demonstrated that PLK1 inhibition
prompts mitotic catastrophe’® which has been defined as a stage
preceding cell death that can occur through apoptosis or undergo
slow death in a necrosis-like manner with the characteristic loss of
nuclear and plasma membrane integrities.”” Mitotic catastrophe is
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Dose enhancement ratios are described in Table 3.

Figure 5. Clonogenic survival assay of bladder carcinoma cell lines exposed the different PLK1 inhibitors for 24 h and then irradiated with 2 Gy. Treat-
ment significantly radio-sensitized cells. Each value represents the mean derived from at least three individual experiments in duplicate (mean + SD).

distinctly enhanced in cells lacking p53 function, which is the
most common genetic alteration in bladder cancer associated
with high grade and progressed disease.?*?' However, our results
show that the status of p53 gene might be an important factor
to determine the sensitivity of different cell lines to apoptosis
caused by PLK1 inhibitors. Although increased caspase-3 activity
was detected for all inhibitors, the level of cell death was signifi-
cantly higher in 5637 and T24 cells which are p53-deficient, and
RT4 cells were particularly unaffected by exposure to BI 2536.
Differential staining with propidium iodide also demonstrated
increased disruption of the plasmatic membrane integrity which
is also an indicative of necrosis-like death in 5637 and T24 cells;
though levels of necrosis were lower in the higher grade cell line.
In osteosarcoma cell lines treatment with BI 2536 has previously
shown to induce apoptosis in KHOS and U-208S," while HOS

and MG-63 experience caspase-independent mitotic catastrophe
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followed by necrosis." Thus, the outcome of mitotic catastrophe
after PLK1 inhibition most likely depends on the molecular pro-
file of the cells. Also, even though 5637 and T24 cell lines express
high levels of PLK1,>" our results showed that PLK1 expression
in T24 cells is 2.6 times higher, which might explain the differ-
ent sensitivities observed. Thus, the more PLK1 present, the more
drug concentration is needed to achieve growth inhibition.

5637 and T24 cell lines have also been described as highly
invasive. The ability of cells to cross through coated chambers
and migrate was also significantly decreased (>60%) in T24 cells
by treatment with BI 6727, GW843682X, and GSK461364.
Similar results were reported by Zhang et al.’ in these cells treated
with the PLK1-inhibitor scytonemin. The invasive capacity of
5637 cells on the other hand was moderately affected, though
the underlying mechanisms by which PLKI inhibition might
contribute to suppress cell migration or invasion are still unclear.
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In this study, we also addressed concomitant combinations of
BI 2536, BI 6727, GW843682X, and GSK461364 with MTX,
CDDP, and DXR. Synergistic effects of PLK1 inhibition have
been described for combinations of BI 2536 with imatinib and
nilotinib in chronic myelogenous leukemia cells,?? for combina-
tions with NVP-AEW541 (a small molecule inhibitor of insulin-
like growth factor-1 receptor) in biliary tract cancer,® and when
combined with bortezomib and dexamethasone in multiple
myeloma.”* Moreover, GW843682X synergistically potentiated
the growth inhibition and apoptosis of leukemia cells when com-
bined with tubulin depolymerizing agent vincristine'” and with
VP-16.5 In our experimental model, association with CDDP,
showed synergistic effects for all cell lines when combined with
BI 2536, BI 6727, and GW843682X at all concentrations tested
(CI < 1). Though, combinations with GSK461364 only showed
synergistic effects in T24 cells while for the other lower grade cell
lines resulted highly antagonist. These sensitizing effects of PLK1
inhibitors to CDDP are particularly interesting considering that
both 5637 and T24 cells were derived from tumors with unfavor-
able prognosis and have repeatedly demonstrated to be especially
resistant to this platinum-containing drug.* Moreover, by com-
bining both drugs, the substantial side effects of CDDP treatment
experienced by patients might be mitigated. Combinations with
MTX, showed similar synergistic effects, but were also antagonis-
tic (CI > 1) in 5637 when combined GSK461364; and combina-
tions with DXR showed antagonist effects when combined with
PLK1 inhibitors except for combinations of BI 2536 for T24 cells.

On the other hand, our results showed that pre-treatment
with the four inhibitors led to significant radiosensitization in
human bladder carcinoma cell lines. Previous reports have shown
that tumor cells overexpressing PLK1 exhibit a more radioresis-
tant phenotype.”’ Conversely, compelling evidence has shown
that combinatorial treatment with drugs that induce G,/M arrest
could enhance the radiosensitivity of cells.”* Synergistic effects
on clonogenicity have been demonstrated in rectal tumor cells
using PLK1 inhibition by siRNA combined with radiation,* this
approach has also been effective on head-and-neck squamous cell
carcinoma.’® Comparatively, the pharmacological inhibition of
PLK1 by BI 2536 has shown to radiosensitize medulloblastoma
cells, whereas GSK461364A-sensitized tumor cells to radiation
and prevented the growth of metastatic breast cancer cells.*?

The development of drug resistance is a common problem
in treatment of bladder cancers. Moreover, standard chemo-
therapy with MVAC, or the alternative combination of cisplatin
and gemcitabine are often associated with substantial toxicity.®
Antimitotic chemotherapy remains a cornerstone of multimo-
dality treatment for locally advanced and metastatic cancers.
Recently, the pharmaceutical industry has initiated intensive
efforts to develop potent and specific low molecular mass com-
pounds that target PLK1 as a deadly weakness that can actu-
ally or potentially lead to tumor downfall. Even with chemical
optimization, PLK1 inhibitors such as BI 2536 show high effi-
cacy in cultured tumor cells and nude mice tumor xenografts.
However, phase I clinical trials in patients with different tumor
entities revealed that antitumor responses observed for BI 2536
as a monotherapy in advanced cancers seem to be modest and
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clinicians must face severe drawbacks such as hematotoxicity**
and low intratumoral levels.?

Preclinical studies with BI 6727 have shown that this dihy-
dropteridinone derivative has better tissue distribution and pene-
tration with manageable hematological toxicities.*® Alternatively,
patients who received escalating doses of GSK461364 in dif-
ferent schedules showed different dose-limiting toxicity effects,
including sepsis and pulmonary embolism, though neutropenia
was observed in only 18% of patients’” which differs consider-
ably from the phase I trial of BI 2536, in which neutropenia was
observed in 45% of patients.**

This increasing clinical evidence supports the assessment of
certain PLK1-specific inhibitors at the phase I1/111 level. However,
it is still indispensable to monitor the early tumor response to
these drugs in cell lines and primary tissues. In the present study
we showed that PLK1 inhibition by different small-molecules has
antiproliferative effects as a single agent with growth retardation
and death of bladder cancer cells holding promising prospects
for future therapy. However, even though the four compounds
tested share the same mechanism of action (as ATP-competitors)
their antiproliferative effects vary considerably, mainly when
combinations with other commonly used drugs are considered.
Additional laboratorial and pre-clinical trials are necessary to
corroborate our data.

Methods

Cell culture. The established bladder carcinoma cell lines RT4
(low-grade papillary tumor), 5637 (moderately differentiated
tumor, grade IT), and T24 (grade I1I) were obtained from the Cell
Bank of the Federal University of Rio de Janeiro, Brazil. Cells
were cultured in HAM F10 (T24) (Life Technologies, 11550043)
or RPMI 1640 (RT4 and 5637) (Life Technologies, 11875119)
supplemented with 10% fetal bovine serum (Life Technologies,
A12618DG), penicillin (Sigma-Aldrich, P3032) (100 U/mL) and
streptomycin (Sigma-Aldrich, $9137) (100 ug/mL) at 37 °C in a
humidified 5% CO, incubator.

Quantitative real time RT-PCR. For validation of the hyper-
expression of PLK1 in all cell lines, quantitative real time RT-PCR
was used. Total RNA was isolated using the Trizol Reagent (Life
Technologies, 15596018) following the manufacturer’s instruc-
tions and reverse transcribed using the HighCapacity kit (Applied
Biosystems, P/N 4322171).

Real time RT-PCR reaction were performed in triplicate in
10 pl reactions using the inventoried TagMan probe for PLKI
(Hs00153444_m1, Applied Biosystems), on a ABI Prism 7500
Sequence Detector (Applied Biosystems). As endogenous con-
trols B-actin and GUS genes were used. Peripheral lymphocytes
were used as calibrator. The relative quantification was per-
formed by the 2-*°T method.?® Results confirmed PLK1 expres-
sion being 136, 172.7, and 353.6 times higher for 5637, RT4, and
T24, respectively, when compared with calibrator.

Drug and treatments. BI 2536, BI 6727, GW843682X, and
GSK461364 were acquired from Axon Medchem (1129, 1473,
1688 and 1131) and diluted in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, D8418) according to the manufacturer’s
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instructions. For all experiments, cells were treated with nano-
molar concentrations based on previous tests: 10, 20, and 50 nM
for BI 2536; 50, 100, and 150 nM for BI 6727; 300, 600,
and 1200 nM for GW843682X, and 75, 150 and 300 nM
for GSK461364. Corresponding control cultures received an
equal volume of solvent. For combinatorial treatments cisplatin
(CDDP), methotrexate (MTX), and doxorubicin (DXR) were
purchased from Sigma-Aldrich (C2210000, M9929, and D1515)
and diluted in DMSO or in 0.9% NaCl accordingly.

Measurement of cell growth. Cell survival was assessed
using the XTT assay (XTT II; Roche Molecular Biochemicals,
11465015001). Briefly, equal amounts of cells were seeded in
96-well flac-bottom plates (2500 cells/well) and allowed to
attach. Subsequently, cells were treated with different concentra-
tions of PLK1 inhibitors, or combinations of each inhibitor with
CDDP, MTX, and VBL, incubated for 24, 48, and 72 h. After
treatment, the culture medium was removed and replaced with
medium containing 10 wL of XTT dye (3 mg/mL) in each well.
The plates were incubated for 2 h at 37 °C and results interpreted
by using an iMark microplate reader (Bio-Rad Laboratories).

Colony formation assay. Clonogenic assays were performed
according to Franken et al.?” Single cell suspensions of 300 cells
were seeded in 6-well plates and treated with the different PLK1
inhibitors concentrations for 48 h and then allowed to grow in
drug-free medium. After 10 d of growth the medium was aspi-
rated, the wells were washed in PBS and then the colonies fixed
with methanol and stained with Giemsa (Merk, 109204). The
number of colonies per well were counted using a dissection
microscope with of threshold of >50 cells.

Analysis of caspase activation. For apoptosis, 3 x 10* cells
were seeded on 6-well plates containing 3 mL of culture medium.
After 24 h, the medium was replaced and cells treated with the
different concentrations of PLK1 inhibitors or vehicle only and
cultured for additional 48 h. Caspase activation was determined
using the NucView 488 Caspase-3 Detection in Living Cells kit
(Biotium Inc. 30029) according to the manufacturer’s instruc-
tions. Five hundred nuclei were analyzed by fluorescence micros-
copy per treatment.

Detection of necrotic cells by differential staining. Necrotic
cells were recognized by differential staining with bisbenzimide
(Hoechst, 33342), propidium iodide and fluorescein diacetate
(Sigma Aldrich, 14533, P4864, and F7378) according to Lee and
Shacter.”* Cells were analyzed by fluorescence microscopy and
categorized as follows: (1) normal, blue nucleus and green cyto-
plasm; (2) apoptotic, fragmented blue nucleus and green cyto-
plasm; and (3) necrotic, red nucleus. Five hundred nuclei were
analyzed per treatment.

Cell cycle analysis. After drug treatment, cells were tryp-
sinized, fixed in 70% ethanol, stained with propidium iodide
(Sigma Aldrich, 14533) and analyzed on a Guava Personal Cell
Analysis system (Guava Technologies) according to the standard
protocol provided by the manufacturer. Percentages of cells in
G,/G,, S, or G,/M phase were scored using the GUAVA Cytosoft
4.2.1 version Software.

Invasion assay. 5 x 10° cells were treated with different con-
centrations of PLKI inhibitors and transferred to the top of
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Matrigel-coated invasion chambers (24-well insert, 8-pwm pore
size; Becton Dickinson and Co., 353097) and placed in a plate with
medium supplemented with 10% FBS as a chemoattractant. After
22 h incubation, non-invading cells were removed from the upper
surface of the membrane by scrubbing with moistened swabs. The
invasive cells attached to the lower surface of the membrane insert
were fixed in 100% methanol for 10 min and stained with Giemsa
(Merk). Membranes were then removed from the insert housing
with scalpel blade, placed on a microscope slide, mounted with
Entellan, and coverslipped. Invading cells were photographed
under the microscope at 100x magnification and counted with
the CytolabView software (Applied Spectral Imaging).

Cell irradiation. To test the effect of individual PLK1 inhibi-
tors on radioresistance a proliferation-based assay (XTT assay)
was used, which is highly comparable to the clonogenic assay
when the cells are allowed to undergo six cell divisions.” Cell
cultures were treated for 24 h and then were irradiated with
y-rays from ®*Cobalt at a dose rate of about 0.47 Gy/min, using a
Gammatron S-80 equipment (Siemens Medical Systems Inc.) at
the University Clinical Hospital (FMRP-USP). After irradiation
with 2 Gy, the cells were plated in 96-well plates (100 nL cell
suspension, 500 cells/well) and the number of living cells was
determined after 7 d by the proliferation XTT assay as described
above. The radiation dose enhancement ratio (DER) by each
inhibitor was calculated using the following formula: DER =
(surviving fraction at an indicated dose of radiation alone)/(sur-
viving fraction at an indicated dose of radiation + PLK1 inhibi-
tor). Dose enhancement ratio = 1 suggests an additive radiation
effect and DER > 1 a supra-additive effect as against a sub-addi-
tive effect in the case of DER < 1.%?

Statistical analysis. Statistical analyses were performed by
using the SigmaStat software (Jandel Scientific Company). Two-
way repeated measures analysis of variance (ANOVA) followed
by the Holm-Sidak pairwise multiple comparison was used to
establish whether significant differences existed between groups.
All tests were performed for o = 0.05. Effective concentrations
(IC,,) were analyzed using the CalcuSyn software v2.0 (Biosoft).
This program provides a measure of the combined drug interac-
tion by the generation of a combination index (CI) value. The CI
value is based on the multiple drug-effect equation of Chou and
Talalay® and defines the drug interactions as synergistic CI value
< 1, CI value = 1 for additive, and CI value > 1 for antagonism.
Calcusyn software was also used to calculate the dose reduction
index (DRI) of drug combinations which estimates the extent to
which the dose of one or more agents in the combination can be
reduced to achieve effect levels that are comparable with those
achieved with single agents.
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